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Abstract

The Precision Optical Interferometer in Space (POINTS) is a free flying, space-hascd, astrometric
i nterferometry mission emplo ying an instrament With two 2-meter basel ine interferometers Whose baselines form an
angle of 90°1 3°. POINTS will measure the angular distance between two stars roughly 90° apart to a precision of 5
microarcseconds (Has). POINTS is currently under joint study at California Institute of Technology's Jet Propulsion
1 Amatory (JP1.) and the Smithsonian Astrophysical Observatory (SAO). Theinterferometers use a fringe tracking,
cxtended Kalman Filter in order to estimate the relative angle between the interferometer optical axis and the line
connecting the spacecraft and the star.  In order for this extended Kalman filter to track the fringes, the fringe
cohcrence Of each interferometer must be at least 95% (corresponding to changes in optical path difference of roughly
tcn nanometers) during the filter update period, given the propagation of disturbances through the spacecraft structure
to the optical support structure.  POINTS uscs a full aperture laser metrology system (FAM) to measure any
changesin the starlight optical path diffcrence (OPD) internal to each interferometer, and this measurement is used to
activel y correct for the changes in optical path d i fference.

This paper addresses a disturbance anaysis of the preliminary POINTS spacecraft and instrument design in
order tO determine Whether and to what extent any isolation and/or added structural damping is necessary to meet the
POINTS instrument rcquirements. The analysis was performed using the Integrated Modeling of Optical Systems
(1 MOS) integrated modeling tool. 1MOS is an integrated software environment wherein structural, optical, and
control system modeling can be performed, Lincarized optical models, structural finite element models, and
disturbance characterization models were developed and integrated in IMOS. Starlight fringe coherence was used as a
metric to quantify the performance of the POINTS instrument. Lincar optical perturbation analysis gave insight into
the sensitivity of the performance of the interferometers to perturbations of the positions and orientations of the
optical clements. Finite clement modal analysis yielded structural modes, modeshapes, modal costs, and Hankel
singular values. These models were integrated with the disturbance models allowing for generation of frequency
response functions. The result of this analysisis end-to-end disturbance characterizations (starlight fringe coherence
as afunction of reaction wheel speed, for example).

2. POINTS Spacecraft Description

The baseline spacecraft configuration for POINTS is shown in Fig. 1 [1]. POINTS consists of a spacecraft
bus, the astrometric instrument, and a two-axis gimbal. The gimbal separates the instrument and the spacecraft bus.
The bus holds the majority of the spacecraft hardware, (reaction wheels, command and data handling electronics,
batterics, ¢tc.), whereas the instrument (contained in the large hatbox enclosure) contains the starlight
interferometers, the metrology interferometers, and other associated hardware. The spacecraft bus is used to shield the
instrument from the sun, in order to provide a more stable thermal environment for the instrument. The two-axis
gimbal is required in order to enable the instrument to view star pairs across the entire sky (except for those near the
sun) [2]. In order to alow for alarger set of target star pairs, the angle between the interferometers must be
articulated. Therange of articulationwill be roughly 2 3°. POINTS will measure the angular separation of two stars
by viewing thcm with the starlight interferometers for several minutes. In the baseline configuration, the instrument
is pointed in three rotational degrees of freedom (dof) by the inner (spin-axis) gimbal axis, the outer (tip-axis) gimbal
axis, and by rolling the spacecraft about the direction to the Sun (sce Fig.1).

2.1 Structural Design

The optical bench is the structure inside the. instrument enclosure that supports the optical elements, lasers,
detectors, and metrology hardware. The baseline optical bench design is an aluminum metering truss structure with a
cross section of 50cm square. The truss is constructed of thin walled tubes with a cross section of onc inch (2,54 cm)
and a wall thickness of 50mils (1.27mm). The two instrument metering trusses (one for each starlight
interferometer) arc both mounted on a tubular central column structure, This central column has a diameter of 50cm
and a wall thickness of onc inch (2.54 cm) [3].

The spacecraft bus structure uses a thin (50mil/1.27mm), riveted aluminum skin with stiffeners. The
gimbal yoke is assumed to have a similar construction (thin aluminum skin with stiffeners) [31. The instrument
cenclosure isneeded primarily to provide benign thermal and contamination environments. The instrument enclosure



will ¢ither be a stiff honeycomb sandwich construction covered
with multi-lay yer insulation (M 1. 1), or an open framework of bar
clements supporting ML, The enclosure design is as yet
undecided.

2.2 Slew mechanisms

In order to slew the instrument between star pairs, the
attitude and articulation control system (AACS) uscs reaction
wheels, located in the spacecraft bus, to supply torgue to the
space.craf[. Electromagnetic motors (either stepper motors or de
brushless motors) arc used 1o actuate the instrument in the
gimbal. An articulation mechanism (AM) is used to change the
angle between the interferometers. The AM will be a stepper
motor driven lead screw actuator connecting the top and bottom
interferometer optical support structures. During target star
observations, both the gimbal and the articulation mechanism
will be locked in place.

2.3 Target star measurement

During target star observations, the POINTS
instrument measures the angle between the two stars by
measuring the angle between the interferometer optical axis
(normal to the interferometer baseling) and the line joining the
spacecraft and each star (the star line) for each interferometer and
by measuring the angle between the interferometer optical axes.
This measurement scheme is shown in Fig.2. Each starlight
interferometer measures the angle between its optical axis and
its target star line (its star angle, 8). A set of laser gauges,
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known as the angle metrology system, measures the angle between the

interferometer optical axes ().
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2.4 Star angle measurement por)

The starlight interferometers measur e the star angles by actually angle between arget stars
measuring the difference between the optical paths from the star to the 8 € 0= 9481+ 8
interferometer detector, known as the optical path difference (OPD). For a -
small star angle, the optical path difference is the star angle times the \@ i
baseline (Fig.3). A star angle measurcment accuracy of 5 pas for a 2-meter ~ b o0a3
baseline interferometer corresponds to an OPD measurcment accuracy of 48 :
picometers (pm). On this scale, the OPD measured by the interferometers J— ;t O

will include optical path differences duc to misalignments and misplacements
of the optical clements (internal optical path differences). The starlight
interferometers cannot differentiate between internal OPD and OPD duc to the
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star angle. The OPD measured by the instrument will be called total OPD to

differentiate it from internal OPD and star angle OPD.

The full aperture metrology systemwill sense the changes in internal OPD. The measured internal OPD
will then be used as feedback to minimize the internal OPD by translating the beamsplitter accordingly. This
internal OPD control system will be alow bandwidth control system in order to avoid any interactions between the
control system and the dynamics of the optical metering truss structure. Thus, the

internal OPD control system will be a quasi-static control system correcting for
assembly misalignments and thermal deformations. It will not correct for any

structural vibration induced internat OPD,

A schematic of the optical prescription of a single starlight interferometer is
shown in Fig.4 [4]. The starlight interferometers USC a channeled spectrum to
measure OPD. This channeled spectrum detection involves sending the interfered
collimated beam through a prism and/or grating before focusing the starlight on the
detector arrays (Fig.5). The usc of channcled spectra relaxes the requirements on the
pointing accuracy of the instrument, but has no effect on the OPD stahility
requirement. A single starlight interferometer uscs an array of 128 detectors to detect
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the. intensity of the starlight interference fringes.

The fringe intensity across the detector array is shown in Fig.6, . o
assuming alinear dispersion and asmall dispersion angle. The spatial | POINTS optical Prescription
period of the intensity pattern at the detector is inversely proportional to
the OPD. Thus, as the total OPD gets larger, or similarly as the star
angle gets larger, the spatial frequency of the intensity pattern at the 2
detector gets larger, and more fringes appear on the detector. KJ g

The separate detectors measure this intensity over their finite v
width (Fig.6). Since the spatial dimension is proportional to the optical 9
frequency of the refracted light (under the assumptions mentioned above),
this corresponds to integrating over a small portion of the optical
bandwidth.

The output of the detector array of aninterferometer is a set of
measured intensities. From this set of measured intensities, the star
angles arc estimated with the usc of an extended Kalman filter (the fringe
tracking filter). It is estimated that the detector integration times (hence
the filter update rate) will be a most 0.2 seconds. This period is required
for the starlight interferometers to obtain enough photons so that the - L
photon signal-to-noise ratio is greater than five (assuming 2m baselines, ] ﬁ] N
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25cm apertures, an overall photon detection efficiency of 20%, and a
target star of apparent visual magnitude 15).

2.5  Tots] OPD accuracy and stability requirements Figure 4
Since the internal OPD control system corrects for any quasi-

static internal OPD, total OPD accuracy is actually star angle OPD
accuracy, hence interferometer pointing accuracy. The pointing accuracy

requircment derives from the requirement that each detector span only afraction of a | POINTS Channeled Spectra
spatial fringe.

The total OPD stability requirement is determined by the robustness of
the fringe tracking filter in the presence of fringe jitier. Fringe coherence, defined
in Eq. 1, is a measure of fringe stability. Until detailed analysis of the fringe
tracking filter is performed, it IS assumed that the filter can track fringesif the
fringe coherence, a dl detector optical frequencies, is above 95% (corresponding to
a change in OPD of 12.7 nanometers for the lowest instrument wavelength,
0.25um). Asdefined in Eq. 1, fringe coherence is inversely related to the square of
optical wavelength. (The POINTS instrument will measure optical wavelengths
from 0.25um to 0.9um.) This agrees with intuition that would lead us to believe
that a given change in OPD isless significant for a larger wavelength.

2
C= cxp[- Q{Z}EOOPI)) ] (1) Figure 5
where, C is the fringe coherence
A is the optical wavelength
Oorb is[hc rms twotal OPD variation during the detector integration time

It is significant to note that Sorp is the rms of the total OPD
variation during the detector integrationtime (a.k.a., bin time). The “smear” of
the measured fringe intensity during the detector bin time is the quantity
significant to the quality of a single intensity measarement, much as the smear
of an image is to the quality of an image. The rms of the differecnce of the
instantancous OPD and the moving average OPD during the bin time is the
appropriate OPD stability metric. This metric was developed by San Martin
and Sirlin in [5] and is defined in Eq.2. Theessence of the frequency weighting
function defined in Eq.2a is this: for a given exposure or integration time, a

Intensity at Detector Array, §, (x)
1)

low frequency (compared to the exposure frequency) disturbance of a given A ko Ay gt %
amplitude is Icssdetrimental than a high frequency disturbance of the same | single dciector  Dinermion 1 for ol sugle.
*p=Vy Figure 6




amplitude. Thus disturbance frequencics below the exposure frequency are weighted less.

(oorny = ZnJ Sorn(@)Ws(oT)dw (2)
where, Sor p(®)  isthe power spectral density of the total OPD
T is the integration time
w is frequency (in rady/s)
W(oT) isaweighting function defined by
Wi(y)=1- 2[—]' 9925(3")} (2a)
y

3. POINTS Integrated System Model (ISM)
3.1 POINTS integrated system modeling motivation

Becausc of the complex, nanometer-level inter actionsbetween the optical metering trussstructural dynamics
and the distributed optical elements, it was decided that an integrated System model was needed to perform an end-to.
end mechanical disturbance analysis. Specifically, a model whose input is mechanical disturbances and whose output
isfringe coherence is required. ‘I"his end-to-end disturbance analysis should include a detailed spacecraft finite element
model, a disturbance model, and a detailed optical model. Since POINTS isstill in a relatively immature phase of
design, these models were not available in thc detail that is preferred in order to perform an end-to-end disturbance
analysis. To some extent, thisimmaturity in the design of POINTS was duc to a lack of understanding of the
relationships between the performance of the subsystems.  An effort was made to gencrate models that would
roughly characterize the expected performance of the spacecraft, given the present state of maturity of the design. It
was hoped that the results of thisinitial integrated system analysis would yield insight into the complex subsystem
interactions and thus be used to influence the separate subsystem designs.  When more mature designs arc
formulated, the integrated model will bc updated to reflect these design improvements.

IMOS, though still in development, provides a very useful environment for this type of analysis. IMOS
brings together finite element modeling capabilities, control system design tools, linear system analysis tools,
optical ray trace capabilities, and, by interfacing with tbc Controlled Optics Modeling Program (COMP), optical
linear perturbation analysis in a single, intcractive environment (presently Pro-MATLAB from The Math Works,
Inc. [6]). This uniform analysis and modeling environment is essentia to gaining understanding of the subsystcm
interactions by performing system Icvel trade studies. This environment also allows for easy incrementation of the.
subsystem module level of detail.

The specific goals of this analysis were 1) to predict starlight interferometer performance in the presence of
mechanical disturbances, and 2) to identify design options that may mect the interferometer performance goals and
estimate their relative effectiveness.

3.2 POINTS integrated system model scope

As mentioned above, in order to perform a characteristic, end-to-end mechanical disturbance analysis, a
mechanica disturbance model, a structural finite element model, and a linear optical model must be developed. Since
tbey arc not necessary for a mechanical disturbance. analysis, neither a thermal model nor an AACS model is used.
Thc structural design options assessed in terms of improving instrument performance in the presence of mechanical
disturbances arc passive isolation of the disturbance sources, and the usc of passive/aclivc damping struts in the
structure.

Although certain portions of the POINTS structural design were mature enough to generate detailed finite
clement models, the POINTS study team dccided not to model these components in detail. These detailed component
models would have resulted in large (=1000 degrees of freedom) finite element models. This is undesirable for two
reasons: 1) The computation time required for this large finite clement problem would have been long enough that
the analysis process would have no longer been interactive (solution times up to roughly 30 minutes). 2) IMOS, in
its present state, cannot solve finite element problems above roughly 400 degrees of frecdom accurately. Along with
these reasons, it was belicved that the extra degrees of freedom would not significantly change the resultant lower
frequency modes (< 1000Hz), which arc the modes of interest.

Instead of a detailed modeling approach, mode] fidelity was judiciously added to the areas of most
significance (the instrument metering truss and, to alesser extent, the gimbal structure). The structural model
includes the spacecraft metering truss, the gimbal structure, and the spacecraft bus, with decreasing model fidelity in



that order. The instrument enclosure iSnot modeled, due to the required modeling complexity. Since the instrument
housing dynamics arc expectedto have a significant effect on the instrument performance, thisis ashort-coming of
the structural finite element model. Because the solar panel is rigidly fixed to the spacecraft bus (hence away from
the instrument), the solar panel dynamics arc not modeled.

The optical mode] ing includes modeling of the upper and lower starlight interferometers. Since the optical
clements after the beamsplinter have no bearing on the internal OPD, these focal plane optics were not modeled. A
model of the FAM wasnot included since the internal OPD control system is a quasi-static control system, and has
no effect on motion at structural modal frequencics. Since the articulation mechanism is assume.d to be locked
during observation, the angle metrology system performance has no effect on the performance of the starlight
interferometers. As such, the angle metrology system was not modeled.

Reaction wheel assembly (RWA) mechanical disturbances arc the only mechanical disturbances that affect
instrument performance. POINTS will usc solid state recorders, So there will be no tape recorder disturbances,
Although the internal OPD control system actuator will have some reaction force, the quasi-static control system
will produce very small disturbances (forces reguired for nanometers of motion) at frequencies much lower than
structural dynamics frequencies. Since it is not clear if POINTS will carry a cold gas propulsion system for
momentum management, the effects of liquid fuel sloshing were not modeled. I’ bus, only RWA mechanical
disturbances arc modeled,

3.3 POINTS integrated system modeling process

When performing an integrated model analysis, the modeling and -
analysis Process is as important as the results. 1t is during the modeling | OINTS |SM Task Block Diagram
process, as well as when examining analysis results, that intuition is gained | {3k I M ok ﬁ'(fd;"ﬂ"""]
into the subsystem interactions. A block diagram of the POINTS integrated
modeling process is given in Fig.7. The process begins with the development [smm.x Modal . Optcal Livear l
of both a structural finite clement mode] and the starlight interferometer optical Anenis e
models. The finite clement model consists of a nodal gcometry, element y__¥
connectivity, clement properties, and nodal boundary conditions (whether the R e o Coveried
nodes arc fixed, constrained, or free). The optical models arc comprised of
optical clement locations, orientations, and shapes From the finite element Cr— —
model, structural modal analysis is performed, yielding both rigid-body and [ Functions Modcling ]
flexible-body modes and modeshapes. The starlight optical models arc used to yy———
generate linear optical perturbation models. These models give change in OFD Varistions | | It ument D,
optical parameters (e.g., optical path length) as a linear function of change in
the positions and orientations of the optical clements. By combining the lincar oot of RWA Radinl Dorarberees
optical perturbation model and the finite clement modal analysis, the sensitivity On Pringo Cotercnce
of starlight OPD to each modeshape (modal cost) is calculated. Figure7

Next, the optical and structural models arc combined into a single first-
order state-.cwacc model. This involves reducing the order of the modal model by
diminating the flexi ble-body modes that arc less significant to the desired input-output relationships: reaction wheel
disturbances to OPD variations. Hankel singular values arc used to evaluate the significance of the flexible-body
modes to the input-output relationships. All rigid-body modes arc included in the model. A low level of uniform
modal damping is assumed for the flexible-body modes, The modal model is then transformed into first-order state-
space form, and the optica perturbation model is included in the measurement equation, At this point, there exists a
firs(-order state-space model whose input arc disturbance forces and torques at chosen structural nodes, and whose
output arc total OPD variations of the two starlight interferometers.  From this linear system model, frequency
response functions can be generated.

These frequency response functions can be combined with reaction wheel disturbance force models to yield
the effects of these disturbances on starlight OPD. From these OPD variations, fringe cohcrence can be calculated,
yiclding the effects of reaction wheel disturbances on fringe coherence.

In order to study the effectiveness of passive isolation, the input disturbances arc filtered by the isolation
system before being input to the stare Space model. The passive/active damping option is studied by increasing the
modal damping of the targeted structural modes assumed in the generation of the state space model, In both cases,
the elfects of disturbance.s on starlight fringe coherence arc calculated. These arc then compared to the hard-mounted,
undamped-structure results.




4. Structural Finite Element Model (FEM) and
Modal Analysis

POINTS structural FEM description
The POINTS finite element model is depicted in Fig.8. The
model consists of the instrument metering truss, the gimbal structure,
and the spacecraft bus. Neither the housing structure, nor the housing
mass arc modcled. Beam clements (modeling axial, bending, and
twisting stiffness) are. used throughout the model, and the trandationa
as well as rotational motion of the. nodes arc modeled, resulting in 360
degrees Of freedom, The instrument was modeted in the gimbal
position shown in Fig.8. Although the structural dynamics will vary
significantly with gimbal position, it is assumed that this model will
roughly characterize the spacecraft dynamics, irrespective of gimbal
position.

Instcad of modeling each truss rncmbcer of the optical bench
asasingle FEM structural element (“stick-by-stick model”), the square
cross-section metering truss was modeled as atine of beams. This

4.1

POINTS Finite Element Model
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was done in order to reduce the number of degrees of freedom.
Equivalent beam masses and stiffnesses were generated from the

expected geometry and n~ass/stiffness properties of the metering truss elements [3]. This line-of-beams model of the
metering truss was populated with sufficient FEM nodes so that some “local” modes of the optical bench itself arc
captured. The AM bearings and the AM itself arc assumed to beinfinitely stiff. An effort was made to place finite
element nodes at or near the locations of optical clements, in order to case the integration of the structural and ontical
models. The appropriate mass of the optica elements was added to the 1 odel.

The gimbal structure was also modeled with lines of beams.

Again, the model was sufficiently populated with nodes to enable the
modeling of gimbal structure “local” modes. The equivalent beam
properties were found by considering the gimbal structure geometry and
n~asy/stiffness properties [3]. Since the gimbal actuators will be locked
during observation, and since the gimbal bearings arc fair] y stiff (= 107
N/m) | 3], the gimbal bearings and the gimbal motors arc assumed to be
locked.

The spacecraft bus is modeled by four rigidly attached nodes,
which form three mutually perpendicular line segments. The center
node represents the center of mass of the spacecraft bus and contains
most of its mass, while the other three nodes represent the locations of
the three reaction wheels. These three nodes were used to provide a
moment arm for the reaction wheel forces. In the present model, no
spacecraft bus modes arc modeled. Since IMOS currently cannot
incorporate. constraint equations, the elements attaching the four nodes

arc c-onnccted to each ‘other and to the gimbal yoke by very stiff ™ *--

(cffectively rigid) beam elements.
4.2 FEM Modal Analysis Results
After the finite element model was formulated, the finite clement
cigenproblem was solved, yielding structural modes and modeshapces. The
solution included both rigid-body and flexible-body modes, and both scts
of modes were used in the end-to-end disturbance analysis. (For more
information on solving finite e¢lement cigenproblems in IMOS sec [7].)
This means that the results represent both flexible-body dynamics effects
and open loop pointing jitter effects. The modal frequencies of the
flexible-body structural modes below 10001~ (modes 7 through 57) arc
shown in Fig.9. The lowest flexible-body modal frequency was found to
be 34.6} Iz

The modal cost for the flexible-body modes below 10001z is
shown in Fig. 10. This modal cost is a measure of the relative sensitivity
of the starlight internal OPD to a given mass normalized modeshape. A

Modal Frequencies below 1000Hz
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higher modal cost significs more. scnsitivity of internal OPD to the " Mode Number 9 Modeshape
given mode. It is clear from Fig, 10 that, of the lower frequency Side View Top View
modes, mode 9 significantly affects instrument performance. The
modeshape of mode 9 is shown in Fig. 11. o

It was determined that two structural motions were found to ; '
be critical to instrument performance: interferometer SPin motion and
in-plane warping of the interferometers causing oul.of-phase pistoning
of the siderostat mirrors. The spin motion, in particular, participates
in the modeshape of several modes with relatively low frequencies (as || .0 .V, | L .. _.
lowas43.3} 17,). 1t was deduced that three structural design Modal Frequercy = 42.5 1, Mod-lCoﬂxoosn HSV= 5.91.09
characteristics affect the modal frequencics related to these critical Figure 11
motions: 1) thestiffness of the central column, ‘ 2) the offset of each
interferometer center of mass from the central column axis, and 3) the offset of the instrument center of mass from
the gimbal tilt axis. It is desirable to increase the modal frequencies related to these motions since this makes the
motions icss significant in the cnd-to-end disturbance analysis. By increasing the stiffness of the central column, the
modal frequencies related to interferometer Spin will increase. On the other hand, by eliminating the two center of
mass offsets, the reduced modal mass participation of the cantilevered components will increase the modal frequencics
of allmodes discussed. Unfortunately, rotating the instrument about its center of massin the gimbal tip axis may
not allow enough sky coverage. However, stiffening the central column and attaching each interferometer to the
central column With its center of mass on the spin axis should be considered.

S. Starlight Interferometer optical Models and Analysis
The optical modeling and analysis process consists Of gencrating nominal optical prescriptions, performing
lincar differential ray traces to create lincar optical models, and manipulating the lincar optical models in order to
facilitate the system model integration. Generation of the optical prescription and manipulation of the lincar optical
models arc performed in the 1 MOS environment (Pro-Matlab). Thelincar differential ray trace is performed in
COMP. | MOS includes trandation functions to facilitate this interaction,

5.1 Optical prescription generation

In IMOS and COMP, an optical prescription consists of locations, oricntations, and shapes of optical
clements in some global coordinate system [8]. Although there was no detailed optical design when the integrated
modeling was performed, sufficient information was available to gencrate optical prescriptions of the starlight
interferometers. The starlight interferometers Usc two siderostat mirrors whose centers arc 2m apart (for a 2m
basclinc). These siderostat mirrors direct the starlight into two afocal Cassegrain telescopes (parabolic primary and
sccondary) with a 10:1 beam
compression ratio, an aperture of 25cm,

and a primary mirror focal length of 1 m. Top Starlight Bottom Starlight
The output of these telescopes is then Interferometer Ray Trace Interferometer Ray Trace
joined at the beamsplitter. This optical oo Do d S .
configuration is known as the FAM-A
configuration. Aside from this given
information, assumptions were made
about the dimensions of the beamsplitter
and the location of the primary mirrors g o}---
relative to the beamsplitters.

In order to model both starlight
interferometers, eight optical models arc
required: onc for each interferometer arm
to each detector (i.e. for each L
interferometer, each combination of an
arm and a detector). It is assumed that Figure 12

the OPD variations at each detector of a
single interferometer will be the same,
thus only onc detector per interferometer is modeled, This results in four optical models. As mentioned above, focal
planc optics arc not modeled. Therefore, the detectors arc placed directly after the beamsplitier.

These optical prescriptions were generated in IMOS with the help of its interactive ray trace capability.
This capability allows for incremental generation and debugging of the optical prescriptions (i.e., optical clements
can be added and checked onc at atime down the optical train). Generating the optical prescriptions in IMOS also




allows for parameterization of the optical models. The starlight optical models were parameterized in terms of
beamsplitter dimension and the distance between the primary mirror and the. beamsplitter, SO that these quantities
could be easily changed when specificd by a detailed optical design. The optical prescriptions were specified interms
of the structural model globa coordinates. The ray traces of the. top and bottom interferometers arc shown in 1Jig.12.
Thesce optical prescriptions were then translated to COMP input files in order to perform lincar differential ray traces.

5.2 COMP linear differential ray trace analysis
Thenext step in the optical modeling process is to perform linear di fferential ray tracesin COMP inorder
to calculate linear optical perturbation models. These linear models arc of the form:

dy = Copidx (3)
where, d'§ is avector of changes in optical path length for cach ray
Copt is a matrix of analytic partia derivatives
d.X‘ is a vector of OptiCﬁ' element pOSitiOﬂ and orientation perturbations

By performing differential ray trace analysis on the four optical models mentioned above, four linear optical
models (C-matrices) arc generated which relate position and orientation perturbations of the starlight interferometer
clements to change in OPL (AOPL) of each ray. Each C-matrix has dimension (# of rays) -by-(# of optical
clements)*(6 degrees of freedom). These C-matrices arc. then written into .m-files that arc loaded into the IMOS
environment. [6] [8]

5.3 Linear optical model manipulation

At this point, the C-matrices represent AOPL, of a single interferometer arm for each ray as a function of the
motions of each optical element. We would like C-matrices to yield asingle OPD variation for each starlight
interferometer as a function of structural node motion, in order to simplify the integration of the structural and
optical models. Thus, manipulation of the C-matricesis required.

First, it is necessary to condensc the partials of al rays for a given input perturbation and output optical
parameter into a single number. At present, partials arc given with respect to a planar reference surface,
perpendicular to the nominal direction of propagation of the wavefront. In reality, this wavefront will be focused by
some focal plane optics onto the actua detector. Thus, to the extent that the focal plane optics arc well designed, the
AOPL at the flat reference surface for each ray will be the same as the AOPL. for each ray at the actual detector.
Thus, the AOPL, measured at the actual detector for a given interferometer arm is the average of the AOPL output of
the linear model. This is done by averaging the C-matrix elements for each structural degree of freedom.

Next, the C-matrices for each arm of an interferometer arc subtracted so that the two resultant C-matrices
give OPD variation for each starlight interferometer as a function of structural node motion. Thus, given any
structural perturbation vector, top and bottom interferometer OPD variation can be calculated. The optical modal
costs discussed above were generated in this manner: each mass normalized modeshape was multiplied by the two C-
matrices, and the absolute value of the two resultant OPD were summed to yield a single modal cost value,

Ry examining the C-matrices it was determined that the starlight interferometers arc more sensitive to
trandationa motion of the optical element structural nodes than they arc to individua rotations of these nodes (by at
least a factor of 15). Thisis not to say, however, that the interferometers are insensitive to z-axis rotation of the
entire interferometer. On the contrary, the interferometers arc sensitive to this rotation, but this is primarily duc to
the translations of the individual clements associated with this rotation rather than the z-axis rotation of the
individual clements.

6. Reaction Wheel Mechanical Disturbance Models

As mentioned above, the only mechanical disturbances expected on POINTS are reaction wheel
disturbances. Reaction wheel mechanical disturbances arc classified into four categories: axial torque disturbances,
radial torque disturbances, and axial and radial force disturbances. Empirical disturbance models developed for the
Hubble Space Telescope (11ST) reaction wheels were used [9]. These models were assumed to yield mechanical
disturbances that arc characteristic of the POINTS reaction wheel disturbances.

Radial forces arc forces normal to the spin axis of the reaction wheel (in two axes), and axial forces arc
forces along the spin axis of the reaction wheel. All of these disturbances exist at discrete frequencics which arc
(non-integer) multiples of the wheel speed. Similarly, radia torque disturbance components exist at multiples of
wheel speed, Axial torque disturbances arc torque disturbances that arc manifested as variations of the RWA
commanded torque. Axial torques were determined to be insignificant, and arc not included in the end-to-end model.




For radial torques, axia forces, and radial fore.cs, the amplitudes of the disturbance components arc functions
of the square of the wheel speed, In each case, the force disturbances arc modeled by Eq.4 [9],

n
hi(t) =Y Ct (o) *sin(hiorwt + y) . (4)
1=1
where, hi isthe. disturbance harmonic

cl is the disturbance harmonic’s coefficient

arw isthe reaction wheel speed in rad/s

M isthe. modeled moment (torque or force)

Y is some random phase

7. integration of Optical and Structural Models
The next step in the integrated modeling process is to integrate the optical and structural models into a
single first-order stale-space lincar system. Thisis done in order to take. advantage of the analysis capahilities in the
Pro-MATIL.AB environment [6].

7.1 Conversion to first-order linear system model
The generd firgt-order sfatc-spat.c description is givenin Eq.5.

X =AX + Bu (staleequation)
y =Cx + Du (measurement equation) 5)

In order to gencrate this first-order model, the second-order structural modal model must be converted to a
first-order model and the linear optical mode] must be prepended to the resultant measurcment equation. The second
order modal model form is given in Eq.6.

5 KX 20 o
N +22Qn + 2N = Bf (state equation)
d=on (measurement equation) (6)

In order to keep tbc dynamic analysis simple, the damping matrix is generally assumed to be diagonal with
small damping values. Modal damping values arc assigned somewhat arbitrarily based on inherent material damping
characterigtics and expected damping dttc to dissipative forces in joints, cables, etc. A uniform modal damping of 1%
was assumed for atl flexible-body modes included in the integrated mode].

11 = Y Ombm(chicn) )
4
where, " isthe Hankel singular value for mode i
b.,i isthei'th column of By,
Cmi is the i'lh column Of Cn\
i isthenodal index
where, ‘
] Bm= "By (7a)
and,
Cm=Copd (7b)

In order to reduce disturbance analysis complexity and computational time, only a subset of the fiexible-
body modes isincluded in the end-to-end disturbance model, The modes chosen to be included arc all of the rigid-
body modes and the flexible-body modes that have the highest Hankel Singular Values (known as “ second-order
modes’ of the internall y balanced rcali~.aien in [ 10]). Hankel Singular values arc a measure of the controllability and
observability of a mode. Hankel singular values, for small modal damping values, arc approximated by Eq.7.

If the input arc disturbances and the output arc performance metrics, then the Hankel singular values arc a
measure of the significance of the mode to the disturbance analysis. The Hankel singular values for the flexible-body




modes below 1000Hz arc plotted in Fig.13, The fifteen most Normalized Hankel Singular Values
significant fiexible-body modes were chosen to be included in the end- \ . =
to-end disturbancemodel, ]
The second order modal model is convertedtoa firs~-order 08 |t -
model by Ihc use of the following substitution: 5> bl ST
R
- [N :
X = [_} (8) E 04 E o :
n S
This modal modcl to State space conversion capability is OB | e o
availablein 1 MOS. The result of this conversion is a first-order state- 0 Lo e o , ...J
space mode] whose input arc the desired disturbance force input, and 0 T sy
whose output arc nodal displacements. Since the linear optica C- Mods Number
matrix maps a nodal displacem ent vector to the desired optical output Figure 13

(OPD variations), by prc-multiplying the system C-matrix and D-
matrix resulting from the above substitution by the optical C-matrix, the. output of the linear model becomes the
desired  top and bottom  starlight  interferometer O} °D variations.

7.2 Frequency Response Function(frf) Analysis

After thefirst-order end-to-cnd model is generated, frequency response transfer functions arc calculated using
standard Pro-Matlab functions. These transfer functions relate the magnitude of the output of tbc linear system to
the magnitude of the input as a function of frequency [ 11]. For alinear system, atransfer function is aproperty of
the. system itself and "dots not depend on the input. |’bus,
cxamination of frequency response functions (frfs) yields insight
into the qualities of a system.

Freguency response functions arc gencrated from the "
fifteen reaction wheel disturbance input (five disturbances pcr
wheel, three wheels) to the two starlight OPD variations. This
resultsin atotal of thirty transfer functions. The six frequency
response functions for reaction wheel radial disturbances for al
wheels to the upper starlight interferometer OPD variation arc
displayed in Fig. 14. These frfs arc typical of the disturbance input
to OPD variation output frfs, The peaks in the frf correspond to
ftexible-body modes. The height of e peak depends on the modal
damping, the excitability of the mode, and the sensitivity of the
OPD variations to the modeshape. These factors arc atl accounted
for in the calculation of the Hankel singular values [10]. The
flexible-body modes arc superimposed on the familiar -40dB/decade
slope that corresponds to the force-to-displacement transfer
function of arigid-body mode [1 1].

RWA Radist Force Disturbance 1o Top Iatecferometer OFD Varistion
Transfer Function

8. End-to-End Rcaction Wheel Di turbance Analysis

Using the firg[-order end-to-end system mode], the OPD variation duc to reaction wheel disturbances can be
found by multiplying the disturbance component amplitudes by the transfer function magnitude at the disturbance
component frequencics. This gives a corresponding OPD variation at the disturbance component frequencics. The
rms OPD variation is then found from Eq.4, and the resulting fringe coherence is calculated according to Eq.5. This
reaction wheel induced fringe coherence will vary as the wheel speed varies. Since the reaction wheel bias speed will
vary in some random fashion as the reaction wheels counter extermal torques, fringe coherence iSassessed at all wheel
speeds (O to 3000 r-pm) for each of the three wheels, The result is six graphs of fringe coherence versus reaction
wheel speed (one graph for each combination of three RWAS and two fringe coherences). A sample of these results
(fringe cohcrencec as afunction of the speed of the, reaction wheel along the x-axis) is shown in Fig. 15. The
corresponding rrns OPD variations arc shown in Fig. 16. The fringe coherences were deterrnined for an optical
wavelength of 0.25um and a detector integration time of 0.2s.

The dipsin the fringe coherences depicted in Fig. 16 occur when a reaction wheel disturbance component
cxcites a particularly offensive structural mode, causing a large OPD variation. Since the reaction wheel disturbance
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spectra arc fairly rich in frequency conteat (i.e., there arc many frequency components), this occurs for a large portion
of reaction wheel Speeds.

The total fringe coherence requircment is 95%. This requircment should be applied to the fringe coherence
that results from the disturbances of all three wheels. This total fringe coherence is simply the product of the
separate coherences, since the disturbances duc to onc reaction wheel arc statitically independent of the disturbances
of the other wheels. Therefore the fringe cohcrencc requirement for each of the three wheels is the cube root of the
total fringe coherence requirement, 98.3%. The dashed line in the graph rcpresents this separate fringe cohcrence
requirement.

It is clear that the total fringe coherence for both the top and bottom interferometers is below the
requirement of 95% for alarge combination of the three wheel speeds, and for several wheel speeds, the coherence is
seriously degraded (-» O). Correspondingly, the OPD variations arc as much as 1.5 orders of magnitude larger than
the requircment (12.7 nm),

9. Evaluation of Design Improvement Options

End-to-cnd reaction wheel disturbance analyses were used to evaluate. the effectivencss of both reaction wheel
disturbance isolation and structural damping.
9.1 Structural Damping

Structural damping refers to the placement of passive and/or active damping struts in the interferometer
truss structure, hence increasing the damping of the structural modes. Optimal damping placement is performed by
targeting either a certain set of troublesome modes or a particular frequency band. The desired number of
passive/active damping struts arc chosen, and a large optimization problem is solved to determine the optimal
damper placement and parameters [12]. This process requires a very accurate structural finite element model, along
with the ability to model discrete damping elements (as opposed to distributed or modal damping).

Since the detailed FEM is unavailable, it “isinappropriate to perform a damper placement optimization,

Top Interferonsetes Fringe Coberence due bo 1-a1k RWA Top Interfe cometsr OPD Variation fue to 1-01s RWA
Fasl: dAni e Demping Case Pasivo/Active Damplng Cuse

e .
0 2500 e

o i o a e i -
% 300 1000 1500 2000 2500 3000 1308
Reacdoo Wheel Speed (RPM) Rear tios Wheel $peod mm)
Figure 17 Figure 18
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Results characteristic of this placement process arc modeled by assigning higher modal damping to the targeted
modes in the finite element model. The assigned damping is determined from typical damper placement results, such
as those attained for the Controls Structures Interaction (CSI) Phase B testbed 113]. In the case of the Phase B
testbed, modal damping of 5% was attained for the, significant modes.

1t isimportant to note that these results arc model dependent, and thetefore that this analysis is a rough
estimate. Even so, this assumption is the first step towards encompassing the capabilities of active/passive
structural damping using discrete damping struts. A modal damping of 5% for all modes was usedto assess the
effcctivencss of damping strut technology. A sample of the results of the end-to-end analysis arc shown in Fig.17
and Fig.18. Although the addition of ~assivc/active damping caused an improvement in the sensitivity of the
coherence to reaction wheel vibrations, ‘the fringe coherence requirement was not met for alarge range of wheel
speeds.

" f

9.2 Disturbance Isolation I solator Equivalent Model

Disturbance isolation entails placing the reaction wheels on asix- | ma» = °" o
dof, isolated platform, The isolation system would consist of passive O
damping struts similar to those used to isolate the }1S'1’ reaction wheels 6‘} I?}M""' J—@
[14]. These passive isolators act as a mechanical lowpass filter for the ,
reaction whee! disturbances. The two pertinent parameters for theisolation | F=myma, k=S wm my=48kg
system arc the isolator break frequency and the damping. Figure 19

The isolators arc modeled as a two-spring, single-das}|pot system

(shown in Fig.19) [15]. Although the stiffnesses and damping arc tunable over alarge range, typical parameters
were used in the isolator model (see Fig. 19)[1 5]. The force. input to force output transfer function of the isolator,
givenin Eq.9, is essentially a second order system. The analysis assumed that there is no dynamic interaction
between the isolator and the structure {(ma(s)>>my Vs, m ~ml) Although in general thisis not true, the
assumption is justified by the simplification of tbc analysis. Ar since the isolator break frequency (4 Hz) is much
lower than the lowest structural mode (34.611x), the dynamic interaction should be minimal.

Four _Me] (x .+kb)cs + kakp, )
Finp  Mimpes® + m pkys? + (Katkp)es + kaky
Where mp is the parallel mass:
mp=-"T Asymi (9a)
m 2(s)+ m 1
where m(s) isthe force to acceleration transfer function atthe attachment point

of the isolator.

The isolators were modcled by filtering the input disturbances with the isolator transfer function (¥q.9).
These filtered disturbances were then used as input to the end-to-end model as described above. The fringe coherence
for the isolated disturbances is given in Fig.20, and the OPD variations arc given in ¥ig.21. The addition of the
isolators yielded an overall improvement of the sensitivity of fringe coherence to reaction wheel vibration across the
band of RWA speeds. The isolator resonance itself, however, caused the total coherence to degrade below 95% for
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wheel speeds below 500rpm. It appears that the fringe coherence requirement could be met if wheel speeds were kept
above 500rpm, or if the damping of the isolation system could bc increased.

10. Conclusions

The prelim inary POINTS spacecraft design was presented and the sensitivity Of the starlight interferometers
to structural motion and attitude jitter as they affect total starlight OPD was established. OPD variations during a
star pair observation degrade the ability of the instrument Kalman filters tO track fringes. This ledtothe
cstablishment of fringe cohcrence as a performance metric. This fringe coherence accounts for both OPD variations
and instrument filter integration time. It was assumed that the fringe cohcrence during the detector integration time
(<0.2s) must bc greater than 95% in order for the fringe tracking filters to operate,

An end-to-end disturbance analysis was performed in order to assess the fringe coherence of the preliminary
POIN'TS design. This end-to-end analysis included a structural finite element model, alinear optical model, and a
mechanical disturbance mode.1. Reaction wheel mechanical disturbances were the only expected mechanical
disturbances. Reaction wheel radial force, axial force, and radia torque disturbances were modeled for three wheels.
These disturbances are al a function of the reaction wheel speeds. The result of the end-to-end disturbance analysis is
aplot of fringe coherence as a function of reaction wheel speed for each wheel. The fringe coherence for both the top
and bottom interferometers was found to be well below the requirement of 95% for virtually all wheel speeds.

The end-to-end disturbance model was then used to assess the effectiveness of two possible solutions to the.
mechanica disturbance problem: 1) usc of passive or active damping struts to increase modal damping, and 2) usc of
a passive reaction wheel vibration isolation system to reduce disturbance input to the structure. In order t0” assess the
effectiveness of passive/active damping struts, higher modal damping values were assumed commensurate, with
resulis obtained from actua testbed damper placement results. The addition of passive/active damping struts resulted
in a significant improvement in fringe coherence, however the fringe coherence requirement was still not met for a
large range of wheel speeds. For the vibration isolation solution, an existing isolation system design with a break
frequency of 41z was used to filter the input disturbances. The vibration isolation system yielded reduced OPD
variations marked! y for wheel speeds above 500rpm. 1'he isolator resonance itself, however, caused the coherence to
degrade far below 95% for wheel speeds below 500rpm.

The isolator and passive/active damping solutions modeled in these analyses arc not optimum solutions. In
the case of damper placement, it may bc more advantageous to target specific structural modes, and the improvement
in structural damping may be more or less than that assumed in the analysis. Similarly, it is clearly beneficial, in
terms of disturbance isolation, to have as much isolator damping as possible, It is not yet understood how much
damping is available from these passive vibration isolation systems. The initial results show that the structure with
avibration isolation system can meet the fringe coherence requircment, if either the reaction. wheel speeds arc kept
above 500rpm, or if the isolation system damping is higher.
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